The aim of this study was to assess and compare fat content within the liver for normal (body mass index (BMI) < 25 kg/m 2 ), overweight (25-30 kg/m 2 ) and obese ( 30 kg/m 2 ) subjects using a noninvasive, non-contrast computed tomography (CT) quantification method. Adult subjects aged 18-60 yrs scheduled to undergo CT examination of the abdominal region were recruited for this study, stratified across BMI categories. Liver volume, fat content, and lean liver volume were determined using CT methods. A total of 100 subjects were recruited, including 30 normal weight, 31 overweight, and 39 obese. Total liver volume increased with BMI, with mean values of 1138 ± 277, 1374 ± 331, and 1766 ± 389 cm 3 for the normal, overweight, and obese, respectively (P < 0.001), which was due to an increase in both liver fat content and lean liver volume with BMI. Some obese subjects had no or minimal hepatic fat content. The prevalence of mild fatty liver in this study of 100 subjects was overestimated for all BMI categories using a range of qualitative diagnostic measures, with predicted prevalence of fatty liver in obese subjects ranging from 76.9% for liver-to-spleen ratio 1.1 to 89.7% for liver attenuation index (liver HU -spleen HU) 40, compared to 66.7% by quantification of fat content. Results show that total liver volume increases with BMI, however, not all obese subjects display fatty infiltration of the liver. CT quantification of liver fat content may be suitable for accurate diagnosis of hepatic steatosis in clinical practice and assessment of donor livers for transplantation.
INTRODUCTION
Fatty infiltration of the liver, or hepatic steatosis, is a common condition reported to affect up to 30% of the general Western population [1] . It is associated with obesity [2, 3] and can lead to irreversible liver damage associated with inflammation, termed nonalcoholic steatohepatitis (NASH). Left undiagnosed, NASH can further progress to cirrhosis and fibrosis, resulting in an increased risk of cardiovascular disease, type 2 diabetes mellitus, and hepatocellular carcinoma [4] . Hepatic steatosis can also influence the outcome of liver transplantation [5] [6] [7] with livers from obese donors or those with extensive steatosis resulting in an increased incidence of ischemic injury and primary nonfunction [8] . It is important, therefore, that fat content of livers can be accurately assessed to ensure the best outcomes for patients, although it is well accepted that a liver biopsy is the only method that can distinguish between benign steatosis and active NASH. Unfortunately, no *Address correspondence to this author at the Model Answers Pty Ltd, Level 5, 99 Creek St, Brisbane, Qld, Australia, 4000; Tel: +61 7 3221 1315; Email: modelanswers@gmail.com imaging technique can replace a biopsy to confirm NASH. Furthermore, with the increasing worldwide prevalence of obesity [9] , understanding liver fat content in the overweight and obese is of increased significance.
Although liver biopsy is considered to be the most practical and objective method to quantify fat content [10] , it is not suitable as a primary method of screening due to its invasiveness, risk of complications, and associated costs [11] [12] [13] . As such, ultrasound, computed tomography (CT), and magnetic resonance imaging (MRI) have been investigated as noninvasive methods for diagnosing fatty liver [14, 15] . Of these three imaging methods, CT is most commonly used because of its increased accuracy and objectivity compared to ultrasound [15] , and lower costs compared to MRI [16, 17] .
Non-contrast CT attenuation of the liver (in Hounsfeld units, HU) correlates well with pathological fat content [14, 18] , with a number of methods proposed to identify hepatic steatosis using CT. These include absolute hepatic attenuation value, liver-to-spleen ratio (L/S), and liver attenuation minus splenic attenuation ('liver attenuation index', LAI) [17] . However, these methods only provide a qualitative assessment of steatosis based upon a range of arbitrary cutoffs reported in the literature, e.g. liver attenuation 40 HU [19] , L/S 1.1 [17] , LAI 5 [17, 20] , and cannot be used to accurately quantify the extent of fatty infiltration. As such, Ricci et al. [18] developed a CT calibration method using reference objects that allows fat content to be derived from hepatic attenuation values. Although this method facilitates accurate assessment of hepatic fat content [18] , calibration of the CT machine is performed for each subject, making the method impractical for regular clinical use.
The aim of this study was to assess and compare liver fat content for subjects within normal, overweight and obese BMI categories using a noninvasive non-contrast CT quantification method. Additionally, we aimed to assess the intra-and inter-day accuracy and precision of CT machine calibration using reference objects that simulate various hepatic fat contents and determine whether calibration is required for each subject.
PATIENTS AND METHODS

Subjects
Adult Indian (Caucasian) medical patients aged 18-60 yrs scheduled to undergo a CT scan of the abdomen or neighboring anatomical region were recruited from PSG Hospital, Coimbatore, India. All subjects underwent ultrasonography screening of the liver prior to recruitment and were excluded if there was evidence of hepatic structural abnormality. Subjects were also excluded if they had abnormal liver or kidney function tests (determined as values outside normal reference ranges), were undergoing current treatment for a medical condition related to the liver or kidney, were pregnant, or were breastfeeding.
Subjects were stratified into 3 groups of approximately equal size according to body mass index (BMI): normal weight (< 25 kg/m 2 ), overweight (25-30 kg/m 2 ), and obese ( 30 kg/m 2 ). Assuming equal recruitment of subjects into each BMI category (n = 33), this study design would be sufficient to determine with 80% power a moderate to large difference between groups at an alpha level of 0.05 [21] .
Ethics approval for this study was obtained from the Medical Research Ethics Committee, The University of Queensland, Brisbane, Australia and the Institutional Human Ethics Committee, PSG Institute of Medical Sciences & Research, Coimbatore, India. All subjects gave informed consent prior to participation in the study.
Calculation of Body Composition
Lean body weight (LBW) for each subject was estimated using the equations by Janmahasatian et al. [22] : 
CT Machine
CT evaluation was performed with a Siemens SOMATOM Sensation 64 scanner using 120 Kvp, 125 mAs and slice collimation of 0.6 mm (acquisition: 64 slices x 0.6 mm) with a scan time of 9.6 sec.
CT Calibration
Reference objects were created to mimic different degrees of fat content according to the method by Ricci et al. [18] . Terbutyl alcohol, which has been shown to display a similar CT scan density to fat tissue [18] , was added in increasing concentrations of 0, 10, 20, 30 & 40% to an 18.5% (w/v) glucose solution and sealed in Perspex tubes (fabricated by the PSG Engineering Department, length 10 cm, inner diameter 1.5 cm, outer diameter 2.5 cm). As an 18.5% (w/v) glucose solution demonstrates the same CT scan density (55 Hounsfeld units, HU) as normal fat-free liver (55±2 HU) [18] , the tubes therefore simulated increasing liver fat contents of 0, 10, 20, 30 & 40%, respectively. Sodium azide (0.02%) was added to the solution to prevent microbial growth.
The intra-day variability in CT HU readings was evaluated by 10 repeat measurements of each of the reference objects, and the inter-day variability was assessed over 6 separate days across a two-week period. Accuracy was assessed as a percentage of the actual fat content (accuracy (%) = measured fat content/actual fat content x 100), and precision was determined as the coefficient of variation (%CV = standard deviation/mean x 100). The calibration curve was developed by least squares linear regression of the non-weighted inter-day HU readings of the 5 reference objects.
CT Measurement
For each subject, attenuation readings were taken from each of the following four locations within the liver: (a) the dome of the liver, (b) cephalic to the hepatic hilum, (c) caudal to the hepatic hilum, and (d) immediate to the inferior margin of the right lobe. Four replicate readings were taken from each region of interest to ensure consistency, and care was taken to sample homogeneous areas devoid of vessels, bile ducts and focal lesions. Attenuation readings were compared between locations within the liver, and the mean reading was used to determine hepatic fat content using the equation developed from the calibration curve. Lean liver volume was determined as total liver volume minus fat volume (where fat volume = fat content (%) x total liver volume). The mean of two readings from the spleen was used for determination of the liver-tospleen ratio (liver HU/spleen HU, L/S) and liver attenuation index (LAI) (liver HU minus spleen HU).
Liver volume was determined from 91 CT slices using the Syngo ® Suite software package (version VB 20B).
Statistical Analysis
Statistical analysis of data was performed using R version 2.13.0 (© 2004-2011 The R Foundation for Statistical Computing, http://www.R-project.org). Data including liver volume, WT-normalized liver volume (i.e. liver volume divided by WT), percent liver fat, liver attenuation, L/S, LAI, and liver fat-to-body fat ratio were plotted as functions of BMI category and described as mean ± standard deviation (SD). Liver fat-to-body fat ratio was also examined as a function of age, with age categories of <30, 30-40, 40-50, and >50yrs.
Pearson's chi-squared test was used for statistical comparison of categorical data. The distributions of continuous data were determined using the normal Shapiro-Wilk normality test. For normally-distributed data, ANOVA and Tukey's honestly significant differences were used for statistical comparison of groups, and for non-normal data, Kruskal-Wallis rank sum and multiple comparisons tests were used. A P-value < 0.05 was considered to be statistically significant.
The prevalence of mild fatty liver, which was considered to be measured fat content 5% as defined by Sherlock et al. [23] and Kleiner et al. [24] , was compared to the prevalence of fatty liver determined according to a variety of qualitative diagnostic methods. These included absolute liver attenuation 40 HU [19] , L/S 1.1 [17] , and LAI 5 [17, 20] .
RESULTS
Subjects
A total of 100 subjects were recruited for the study. Demographics are shown in Table 1 . There were no significant differences between male/female ratio in each of the three different BMI groups, nor between height. Age was significantly different between BMI groups, as was weight, BMI, LBW, and percent body fat. Subject weight ranged from 45-128 kg and BMI values ranged from 16.9-51.8 kg/m 2 .
CT Calibration
The calibration curve exhibited good linearity across the range of simulated fat contents (Fig. 1) . The negative linear correlation was described by a slope and intercept model, where HU = -2.02*fat content (%) + 40.6 (i.e. fat content (%) = (HU -40.6)/-2.02) (r-squared = 0.99, P < 0.001). For each of the reference objects used for calibration, the average accuracy of HU readings back-calculated to fat content and expressed as a percentage of actual fat content ranged from 94.8% to 109% for intra-day measurements, and 94.1% to 104% for inter-day measurements ( Table 2 ). All intra-and inter-day precision values were less than ±12%, and there was no significant difference in precision or accuracy of measurements between days. Fig. (2) . Comparison of liver volume and WT-normalized liver volume between patient BMI categories. Box-plots represent the median (thick line), 25 th -75 th percentiles (box), 1.5 times the interquartile range (whiskers) of values, and outliers (points). *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001.
Liver Volume
Liver volume increased with subject BMI ( Fig. 2A & B , respectively) and was significantly different between BMI categories, with mean ± SD values of 1138 ± 277, 1374 ± 331, and 1766 ± 389 cm 3 for the normal, overweight, and obese BMI categories, respectively (P-value < 0.001). No statistical difference was observed between BMI categories for WT-normalized total liver volume (Fig. (2C) , mean ± SD values 19.5 ± 3.98, 18.5 ± 4.30, and 19.0 ± 3.45 cm 3 /kg, respectively).
Liver Fat
No differences were observed in attenuation readings between the four locations within the liver (mean ± SD for locations (a) to (d): 33.5 ± 13.0, 32.4 ± 12.6, 32.1 ± 12.4, and 31.8 ± 12.8 HU, respectively). Corresponding with a decrease in liver attenuation (Fig. 3A) , the percentage of fat in the liver increased with BMI category (Fig. 3B) , and was significantly different between BMI categories. Mean ± SD values (range) of percent liver fat were -0.654 ± 4. 
3). Comparison of (A) liver attenuation, (B) percent liver fat, (C) lean liver volume, (D) ratio of liver-to-spleen attenuation value, and (E) liver attenuation index (liver HU minus spleen HU) between BMI categories.
Horizontal lines represent values used for qualitative diagnosis of fatty liver: liver fat > 5%, liver-to-spleen ratio < 1.1, and LAI < 5. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001. Fig. (4) . Liver fat normalized to body fat as a function of (A) BMI category, and (B) age. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001.
for the normal, overweight, and obese BMI categories, respectively (P-value < 0.001). Lean liver volume also significantly increased with BMI category (Fig. 3C) , with mean ± SD values of 1120 ± 259, 1320 ± 297, and 1600 ± 319 cm 3 .
Splenic attenuation values for three subjects (one from each BMI category) were greater than 5 standard deviations from group means and were therefore deemed to be erroneous measurements. These values were excluded from further analysis. A significant decrease in liver-to-spleen ratio and liver attenuation index was observed across BMI categories ( Fig. 3D & E) .
The prevalence of mild fatty liver in this study of 100 subjects increased across BMI categories, with 66.7% of obese subjects having greater than 5% liver fat compared to 29.0% and 13.3% of overweight and normal subjects, respectively ( Table 3) . For all BMI categories, the prevalence of fatty liver determined by qualitative diagnostic methods was higher than for measured fat content, with predicted prevalence of fatty liver in obese subjects ranging from 76.9% for L/S 1.1 to 89.7% for LAI 40 HU. A significant increase in liver fat normalized by body fat was observed with BMI category (Fig. 4A) , with mean values ranging from -0.04 (which can be considered to be zero) in the normal weight category, up to 0.10 in the overweight category, and 0.23 in the obese category ( Table 3) . A significant increase in liver fat normalized by body fat was also observed with increasing age (Fig. 4B) , with mean values ranging from -0.06 in subjects younger than 30, to 0.26 in subjects older than 50.
DISCUSSION
This is the first study to have investigated differences in liver composition across size using a robust design stratified across BMI. Total liver volume was found to significantly increase with BMI, which was not only due to an increase in liver fat, but also an increase in lean liver volume with BMI. This finding is consistent with metabolism increasing with BMI [25] , and metabolic clearance of drugs increasing with lean body weight [26] . Furthermore, when normalized to WT, total liver volume was the same across BMI categories. This is consistent with Narawatne et al. [27] who reported that total liver volume correlated with WT. Although BMI has been reported to be a good predictor of hepatic steatosis [2] , we found that some obese subjects in this study had no or minimal hepatic fat content. Conversely, some normal weight subjects were found to have liver fat content of 5%, which can be considered to be mild fatty liver [23, 24] . This is consistent with Limanond et al. [20] , who reported that BMI correlation with steatosis was marginal, and that normal weight patients may display severe (> 30%) fatty infiltration. Therefore, BMI cannot be considered to be an accurate predictor of fatty liver alone, and other factors, e.g. alcohol intake, triglyceride levels, and liver function [17, 28, 29] , need to be considered when evaluating a patient's risk of steatosis.
Non-contrast enhanced CT of the liver has been widely used as a method for qualitative diagnosis of hepatic steatosis. However, predicted prevalence of steatosis in the population varies according to different methods and cutoff values (e.g. liver HU, L/S, and LAI [17, 19, 20] ). We found that the prevalence of mild fatty liver in this study of 100 subjects was overestimated for all BMI categories by every qualitative method considered in this study (liver attenuation 40 HU [19] , L/S 1.1 [17] , and LAI 5 [17, 20] ), with the worst prediction using the criterion of liver attenuation 40 HU. Interestingly, this criterion has been reported to correlate with moderate-to-severe steatosis of > 30% fatty infiltration [19] , whereas L/S 1.1 and LAI 5, which were better predictors of steatosis in this study, are associated with milder steatosis (> 5%) [20] . This finding is consistent with Park et al. [30] who demonstrated that although qualitative methods may display high specificity (i.e. true positive rate) for diagnosis of steatosis, they can lack specificity (i.e. high false positive rate). Furthermore, results demonstrate that use of the spleen as an internal control results in more accurate predictions of the presence of steatosis using qualitative measures. However, quantitative methods are required to best assess the actual extent of fatty infiltration.
In this study, reference objects were used to develop a calibration curve to allow quantitative assessment of liver fat content from liver CT attenuation values. This method has been shown to accurately measure the degree of fatty infiltration when compared to histological assessment [18] . However, previous studies calibrated the CT machine for each subject, which involved concurrent scanning of the reference objects and development of unique equations for each subject by linear regression analysis [16, 18] . We therefore assessed the accuracy and precision of intra-and inter-day measurements of the reference objects to determine the plausibility of less frequent calibration of CT machines for quantification of hepatic fat content. Results showed that the accuracy and precision were similar for intra-and interday measurements of the reference objects, and that there were no significant differences or trends in precision or bias of measurements over time. This finding suggests that calibration for each subject may be unnecessary, adding a significant advantage to the Ricci method [18] in terms of practicality for clinical use. However, the accuracy and precision of inter-day measurements was only determined over a 14 day period, and further investigation will be required to assess the accuracy and precision over a longer time period to determine how often calibration is required. We also note that calibration is still required for each different CT machine, because of interscanner variability in attenuation values [31] .
Previous studies have reported an increased mean age of patients diagnosed with fatty liver compared to normal controls [29, 32] . This appeared to correspond however to an increased mean WT [32] or BMI [29] with age. To account for any correlation between weight and BMI with age, in this study, liver fat content was normalized to total body fat and values were compared between age categories. Results showed an increase in normalized liver fat with age, suggesting that the risk factor of fatty infiltration of the liver increases with age, and that the prevalence of hepatic steatosis may be lower in younger obese patients compared to older obese patients. We propose that this may be due to an increased exposure of the liver to fat in the body over time, although longitudinal studies are required to investigate this observation further.
Several limitations to the current study should be acknowledged. Firstly, this study was performed in an Indian population. Although Indians are considered to be Caucasians, findings may differ in other ethnic groups. Secondly, we note that some negative measurements of fat content were calculated using this CT calibration method. This is as a result of natural variability in the underlying hepatic structure of different subjects affecting attenuation readings, e.g. iron, iodine [33] , copper, and glycogen content [34] , fibrosis or edema [34] may affect attenuation. Therefore, for subjects with little or no hepatic fat content, any variability in attenuation may result in calculation of a negative value using the slope and intercept regression model. For the purpose of this study, all measurements, including negative values, were considered for statistical comparison between BMI or age categories. In clinical practice, however, measurements of fat content below zero using this method can be considered to be zero.
Finally, we note that radiographic attenuation can be non uniform across the liver due to heterogeneity in composition and structure. Nevertheless, CT has been shown to be more sensitive than histological examination for detecting small amounts of fat content in the liver [16] , and provides a noninvasive, simple, and reliable method of assessment of hepatic fat content [17] . We also note that no difference in attenuation reading was observed between the four locations in the liver, suggesting that attenuation reading from only one location in the liver may be sufficient for measurement of hepatic fat content in clinical practice.
In conclusion, total liver volume and liver fat increases with BMI. Not all obese subjects, however, were found to have fatty infiltration of the liver. Liver fat normalized to body fat ratio was also found to increase with age, although longitudinal studies are required to determine a mechanism for this observation. We have used a noninvasive, in the study. 
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